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Echocardiography has become an established technique
for the assessment of cardiac function in infants and
children. M·mode echocardiography provides measure-
ments of left ventricular diameter and wall thickness and
allows calculation of their rate of change during the
cardiac cycle. Left and right ventricular systolic time
intervals may be determined from recordings of aortic
and pulmonary valve motion. Two-dimensional echo-
Echocardiography has become the most widely used tech-
nique for the assessment of ventricular function in infants
and children. Its popularity stems from its safety, ease of
performance and relatively low cost. This review will ex-
amine the types of measurements and calculations that may
be obtained from M-mode and two-dimensional echocar-
diographic studies and will attempt to relate these data to
the convertional indexes of cardiac performance. Consistent
with the subject of most studies to date, the emphasis will
be on aspects of function that are 1) ventricular (in partic-
ular, left ventricular), and 2) systolic. In addition, the issues
of sensitivity, specificity, cost and prospects for the future
will be addressed.
M-Mode Echocardiography
The measurements and calculations that may be obtained
from M-mode echocardiograms are listed in Table 1. Some
of the measurements, such as cavity diameter and wall thick-
ness at end-diastole and end-systole, can be performed quickly
and easily with a pair of hand-held calipers (Fig. 1). Others,
such as calculation of peak rates of increase or decrease in
ventricular diameter, require digitalization of recordings and
computer analysis.
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cardiographic images may be utilized for the determi-
nation of left and right ventricular volume and ejection
fraction. Compared with other noninvasive imaging
methods, echocardiography is a rapid, safe and inex-
pensive technique. Moreover, future developments are
likely to include improved image processing and com-
puter analysis of two-dimensional images.
(J Am Coli CardioI1985;5:95S-103S)
Left ventricular diameter. Left ventricular diameter is
perhaps the most fundamental index of ventricular function
that may be measured by echocardiography. The conven-
tional M-mode recording made just below the tips of the
mitral valve leaflets approximates the minor axis diameter
of the left ventricle (Fig. 1 and 2). Growth charts are avail-
able that relate left ventricular diameter to body size in
normal children (1-5). In terms of conventional indexes of
ventricular performance, the ventricular diameters are ob-
viously analogous to ventricular volumes, and, in fact, a
variety of formulas are available for estimating ventricular
volume from echocardiographic measurements of ventric-
ular diameter (6-9). Inherent in each of these methods is
the assumption that the volume of a three-dimensional struc-
ture may be estimated by mathematical manipulation of a
single dimension that, although measured fairly accurately,
is imprecisely located with respect to the rest of the struc-
ture. The potential errors in this assumption have been dis-
cussed previously (10) in relation to patients with coronary
heart disease; they are potentially even greater in patients
with congenital heart disease, in whom left ventricular ge-
ometry is frequently distorted by an enlarged right ventricle.
The most widely used M-mode echocardiographic index
of left ventricular function is the percent change in left
ventricular diameter that occurs with systole (%~ LVD or
"shortening fraction"). Like its volumetric analog, the ejec-
tion fraction, the shortening fraction is an ejection phase
index of ventricular performance. The percent change in
left ventricular diameter is easily determined from record-
ings of posterior wall and septal motion (Fig. 1). The normal
mean value is 36% (range 28 to 44) and is constant from
the neonatal period through adulthood (2). Measurement of
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Table 1. Echocardiographic Indexes of Ventricular Function
M-mode
Ventricular dimensions
End-diastolic diameter (LV EDD)
End-systolic diameter (LV ESD)
Shortening fraction (%.i LVD)
Rate of change of diameter (Vcf)
Wall thickness
End-diastolic thickness
End-systolic thickness
Percent thickening
Computer-assisted analysis
Peak rates of increase and decrease of cavity diameter
Peak rates of increase and decrease of wall thickness
Systolic time intervals
Preejecrion period
Ejection time
Isovolumic contraction and relaxation time
Mitral-septal separation
Wall stress analysis
End-systolic pressure/dimension ratio
Two-dimensional echocardiography
Ventricular volume
Ejection fraction
Wall motion analysis
Exercise echocardiography
Isotonic
Isometric
the shortening fraction quite readily separates patients with
documented myocardial disease from normal subjects (Fig.
3) (II). The sensitivity of the shortening fraction in detecting
milder degrees of ventricular dysfunction is largely un-
known and the technique has obvious limitations in eval-
uating patients with regional dysfunction.
Wall thickness. The thickness of the left ventricular
posterior wall is easily measured by M-mode echocardi-
ography, and the increase in thickness that occurs with con-
traction may be calculated, This is frequently expressed as
a percent of the end-diastolic wall thickness (%.:lPW or
"thickening fraction"). The average amount of wall thick-
ening in normal subjects is approximately 60% (II). In
patients with severe left ventricular dysfunction, the lack of
posterior wall thickening may be striking (Fig. 3). However,
the range for normal (30 to 100%) is large, and in our
experience wall thickening is not as sensitive as shortening
fraction in separating patients with myocardial disease from
normal subjects (II). Analysis of ventricular wall thickness
may be facilitated by the use of expanded tracings of the
posterior wall images. With this technique, contraction and
relaxation abnormalities have been demonstrated in children
with muscular dystrophy (12) and thalassemia (13), often
in the presence of normal indexes of global left ventricular
function.
Rates of change of cavity diameter. Studies of isolated
heart muscle have demonstrated that the rate as well as the
extent of muscle shortening are important descriptors of the
contractile state of the myocardium. Thus, a variety of clin-
ical methods (14-16) have evolved that incorporate an ele-
ment of time into the measurement of myocardial contrac-
tion. The most popular of these has been calculation of the
mean velocity of circumferential fiber shortening (Ycf) cor-
rected for end-diastolic circumference. The basis for cal-
culating this index from the M-mode echocardiogram is the
assumption that the minor axis equator of the left ventricle
is circular. Thus, the end-diastolic and end-systolic circum-
ferences may be estimated by multiplying the diameters by
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Figure 1. M-mode echocardiogram demonstrating
measurements of ventricular function that can be
obtained from a recording made just below the mi-
tral apparatus. The percent change in left ventricular
diameter (~ LVD) that occurs with systole can be
calculated from measurement of end-diastolic (EDD)
and end-systolic (ESD) diameter. Likewise, the per-
cent of increase in posterior wall thickness (~ PW)
can be calculated from measurement of left ven-
tricular posterior wall (LVPW) thickness at end-
diastole and end-systole. Similar measurements may
be made from the recording of the interventricular
septum (IVS). ECG=electrocardiogram; RV = right
ventricle.
JACC Vol. 5, No.1
January 1985:95S-103S
GUTGESELL
CARDIAC FUNCTION IN INFANTS AND CHILDREN
97S
-v-r---v V-~--
•••••••••••••••• '.111"':111 •• ". """'1 I ,t It'.,." 1'1111"'1'1 ••••• ,.
Figure 2. M-mode recording through a plane at the tips of the
mitral valve in a 2 year old child with a ventricular septal defect.
Although the absolute left ventricular diameter is larger than nor-
mal, the percent decrease in ventricular diameter (~ LYO) and
increase in posterior wall thickness (~ PW) are normal. LY =
left ventricle; MY = mitral valve; other abbreviations as before.
pi ( 7T). When indexed for end-diastolic diameter and divided
by the time required for contraction (for example, left ven-
tricular ejection time), the calculation is reduced to mean
velocity of circumferential fiber shortening = end-diastolic
diameter - end systolic diameter/end-diastolic diameter x
ejection time. Ejection time is measured from the excursion
of the left ventricular posterior wall, the opening of the
aortic valve leaflets or a simultaneously recorded carotid
pulse tracing. The major limitation of the velocity of cir-
cumferential fiber shortening in evaluation of ventricular
function in children is its dependence on heart rate and
afterload (2,11,17). The gradual decrease in this velocity
variable from birth through adolescence is presumably re-
lated to the natural occurring decrease in heart rate and
increase in systemic blood pressure. The heart rate depen-
dence of velocity of circumferential fiber shortening may
produce responses that, at first, seem paradoxical. When
digoxin and diuretic drugs were administered to children
with congestive cardiomyopathy, we documented a de-
crease in velocity of circumferential fiber shortening con-
comitant with clinical improvement. Analysis of the data
revealed that ventricular dimensions changed very little, but
heart rate decreased, producing a longer ejection time and,
thus, a lower calculated velocity of circumferential fiber
shortening (11).
The previously mentioned rates of wall motion are mean
rates as opposed to peak rates of change. With the devel-
Figure 3. M-mode echocardiogram
from a neonate with myocarditis. The
left ventricular cavity is enlarged and
the shortening fraction (~ LYO) is re-
duced. The posterior wall (PW) (ar-
row) is akinetic with almost imper-
ceptible thickening. The septum appears
hyperkinetic. Abbreviations as before.
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opment of digitizing tablets and desktop computers, it is
possible to calculate peak rates of decrease and increase in
left ventricular diameter (18); an example of the type of
data obtained is shown in Figure 4. This technique has had
limited application in assessment of ventricular function in
children. St. John Sutton et al. (19) reported rates of cavity
dimension and wall thickness change in the normal new-
born. Friedman et al. (20) reported abnormal peak short-
ening and relaxation rates in children with aortic stenosis.
Our laboratory (21) studied 62 normal children and 29 chil-
dren with aortic stenosis, 30 with patent ductus arteriosus
and 15 with congestive cardiomyopathy. The peak short-
ening rate was directly related to left ventricular diameter,
and peak velocity of circumferential fiber shortening was
directly related to heart rate. Peak rates of shortening and
relaxation were normal in patients with aortic stenosis and
those with patent ductus arteriosus and were decreased in
patients with congestive cardiomyopathy. However, the more
easily determined shortening fraction was also abnormal in
the latter group of patients. Thus, although computer anal-
ysis of digitized M-mode echocardiograms provides data
not easily obtained by conventional measurements, the clin-
ical utility of this information is yet to be determined. In
answer to the question raised by Friedman and Sahn (22)-
"Computer-assisted analysis of M-mode echocardiogram:
Is it a gold mine?"-one would have to answer "No," at
least at present.
Systolic time intervals. Measurement of various sys-
tolic time intervals has been used for very many years in
the assessment of ventricular function (23). Initial studies
employed simultaneous recordings of the electrocardio-
gram, phonocardiogram and carotid pulse tracing. Most sub-
sequent studies (24) in children have used the electrocar-
diogram and high speed recordings of aortic or pulmonary
valve motion. The most commonly measured intervals are
the preejection period (from the time of onset of the QRS
complex of the electrocardiogram to the opening of the
semilunar valve) and ejection time (the time from semilunar
valve opening to closing) (Fig. 5). If atrioventricular valve
motion is also recorded, the isovolumic contraction time of
either ventricle may be determined (the time from atrio-
ventricular valve closure to semilunar valve opening) (25,26).
Of the echocardiographic indexes of cardiac function,
the preejection period or, more specifically, the isovolumic
contraction period is the only measurement of isometric
phase function. Assuming normal preload and afterload, the
Figure 5. M-mode echocardiogram of aortic valve motion illus-
trating the method for calculating left ventricular systolic time
intervals. Ao = aorta; HR = heart rate (beats/min); LA = left
atrium, LVET = left ventricular ejection time; PEP = preejection
period; Q-AC = interval from Q wave of electrocardiogram (ECG)
to aortic valve closure.
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Figure 4. Computer plot of left ventricular (LV) diameter curve
and its first derivative (A D/At) obtained from a digitized M-mode
echocardiogram in a normal subject. The peak rate of decrease in
left ventricular diameter (peak shortening rate [PSR]) and of in-
crease in diameter (peak relaxation rate [PRR]) are represented by
the nadir and the zenith of the AD/At curve, respectively. (Re-
produced from Kugler et al. [21] with permission.)
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isovolumic contraction time is a reflection of the rate of rise
of ventricular pressure (dP/dt).
Clinical usage of systolic time intervals has taken two
forms: I) assessment of left ventricular function from re-
cordings of aortic and mitral valve motion (11,24,25), and
2) estimation of pulmonary artery pressure from recordings
of pulmonary valve motion (27-32). Each of these uses
assumes that the variable determined by the other is normal.
That is, if systolic time intervals measured from pulmonary
valve motion are used to estimate pulmonary artery pressure,
it is assumed that right ventricular function is normal and
that the major determinant of the time intervals is the pres-
sure in the pulmonary artery. In view of the multideter-
minant nature of the systolic time intervals, it is not sur-
prising that there are limitations to their usefulness (33).
Nonetheless, this measurement represents one of the few
available noninvasive techniques for estimating left ven-
tricular isometric phase performanc~ and pulmonary artery
pressure.
Mitral-septal separation. In normal subjects, the an-
terior leaflet of the mitral valve touches or closely approx-
imates the ventricular septum in early diastole at the so-
called E point of its cycle. Massie et al. (34) observed that
E point-septal separation was less than 4 mm in normal
adults and was inversely related to ejection fraction in pa-
tients with cardiac disease, regardless ofleft ventricular size.
The magnitude of mitral-septal separation obviously does
not represent a single aspect of ventricular function, but is
determined by a variety of geometric and hemodynamic
variables. Its ease of determination and independence of
wall motion disorders are appealing, especially in the "dif-
ficult to echo" subject. Although the validity of this index
has not been established for children, observations in our
laboratory have been consistent with those of Massie et al.
Left ventricular wall stress. According to the Laplace
principle, left ventricular wall stress is directly proportional
to the cavity radius (R) and the intracavitary pressure (P)
and is inversely related to wall thickness (Th). Relative left
ventricular wall thickness, expressed as the R/Th ratio, has
a constant relation to left ventricular systolic pressure in
normal children and adults, subjects with physiologic car-
diac hypertrophy and patients with compensated chronic left
ventricular volume overload (35). Greatly increased values
of R/Th, suggesting inadequate hypertrophy, have been as-
sociated with a poor prognosis in patients with chronic aortic
insufficiency (36) and those with congestive cardio-
myopathy (37). In the absence of left ventricular outflow
obstruction, left ventricular systolic pressure (P) may be
estimated from systemic arterial systolic pressure. The for-
mula P x R/Th has been used as an index of left ventricular
wall stress (38).
A second use of the wall stress concept has been in
estimation of the severity of aortic stenosis. This method
assumes that in compensated aortic stenosis, the left ven-
tricular wall will hypertrophy to maintain normal levels of
wall stress. Left ventricular systolic pressure is estimated
from the Th/cavity diameter (D) ratio multiplied by a con-
stant. Studies of children with aortic stenosis (39-44) have
shown a reasonably good correlation between left ventric-
ular pressure (LVP) estimated by echocardiography and that
measured at catheterization. The most widely used formula
is LVP = 225 x (end-systolic Th/end-systolic D).
End-systolic pressure/volume ratio. The left ventric-
ular end-systolic pressure/volume ratio has been advocated
as an index of ventricular function that is independent of
preload and afterload and thus an index of contractility (45).
End-systolic pressure can be estimated from systemic ar-
terial blood pressure and a calibrated carotid pulse tracing
and end-systolic volume from the echocardiographically de-
termined end-systolic diameter. Preliminary studies (46,47)
suggest that the end-systolic pressure/dimension relation in
human subjects is both linear and sensitive to changes in
inotropic state.
Two-Dimensional Echocardiography
Left ventricular volume and ejection fraction. Two-
dimensional echocardiography allows tomographic imaging
of the heart in a nearly infinite number of planes. Various
combinations of these images have been utilized to estimate
chamber volumes and ventricular ejection fractions. Mercier
et al. (48) recently summarized the algorithms that can be
used to estimate left ventricular volume. The data consist
of a series of diameters, lengths and areas determined from
two-dimensional images such as those shown in Figure 6.
Initial studies in children (48,49) have demonstrated a good
correlation between left ventricular volumes estimated by
two-dimensional echocardiography and those measured by
angiocardiography. Ejection fraction appears to be best es-
timated from an ellipsoid biplane formula using the short-
axis view at the papillary muscle level (48). Growth charts
relating left ventricular volume to body size in normal chil-
dren are currently needed.
Right ventricular volume. The irregular geometry of
the right ventricle has made accurate volume determination
difficult. Preliminary studies (50-52) utilized combinations
of areas and diameters measured largely from four chamber
apical image planes. Fontana et al. (53) demonstrated an
increased "area index" of the right ventricle in patients
with atrial septal defect. Silverman and Snider (54) showed
a reasonably good correlation between right ventricular ejec-
tion fraction measured by echocardiography and that mea-
sured by angiocardiography.
Atrial volumes. Left and right atrial volumes may be
estimated from two-dimensional echocardiographic images
obtained in multiple planes (50,53,55,56). As in the case
of ventricular volumes, most studies have demonstrated a
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F;gure 7. C?mparison of left ventricular shortening fraction (SF)
at rest and during isometric exercjse in normal adolescents (con-
troIs) and tqose with aortic in~ljfficiency (AI). ShorteniI\g fr~ction
at rest was simil~r in the two gro~p,. It rermined unchange~ with
exercise in control subjects but decreased with exercise in patients
with aortic insufficiency. The use of exer~is~ Is one method of
enhancing the sensitivity of echocardio,graphy in detecting abnor-
malities of left ventricular function (Reproduced fr0!TI Gumbiner
'Ind Gutgesell [62] with permission.)
Sensitivity and Specificity of
Echocardipgraphy
Both M-mode echocardiography and systolic time inter-
val measurements are quite senSitive to llc~te changes in left
ventricular volume and function. Redwoo~ et al. (57) dem-
onstrated an acute decrease in left ventri~ular diameter in
response to passive tilt and nitroglycerin (ldministratiofl and
an increase in diameter in resp~mse to ph~nylephrine. Lewis
et al. (58) detected sifllilar changes in left ventricul~r di-
ameter when normal children were changed from supine to
standing and squatting positions.
Several investigators have attempted to compare the sen-
sitivity of echocardiography with that of the &ystolic time
interval~ by studying the rej;pOl1se tq positive inotropic
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reasonable correlation with angiographic methods, but growth
charts for children of varying size are lacking.
Figure 6. Two-dimensional echocardiogram in an infant with a
dilated form of cardiomyopathy. These end-diastolic images have
been obtained from the left parasternal long-axis (A), short-axis
(B) and subcostal (C) projections. Left ventricular volume may be
estimated by formulas utilizing various combinations of ventricular
length, diameter and area (see text). Similar calculations from
end-systolic images allow estimation of stroke volume and ejection
fraction. A = anterior; I = inferior; L = left; P = posterior; R
= right; S = superior; other abbreviations as before.
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agents. Systolic time interval measurement appears more
sensitive than shoitening fraction in detecting the response
to oral digoxin therapy (59). However, Walsh et al. (60)
found ~ystolit time intervals and shortening fraction equally
sensitive in detecting the positive inotropic response to
dobutarl1.ine.
Evaluation of the sensitivity of echocardiographic tests
of function in lohg-term conditions is mote difficult. For
exarhple, a decrease in shortening fraction from 36 to 30%
during an acute intervention may represent a true detrease
in ventricular performance. However, both values are within
the normal rahge and as an isolated measut'yment would be
ihterpret€d as norrhal. Thus, careful serial measurements
are more useful than single measurements. Forttinately,
echocardiographic studies may be repeated at a low cost
arid with virtually no risk.
EJilerdse studies. Several investigators have combined
isbtonit or isometric exerCise with echocardiography in an
attempt tb elicit abnormalities of ventricular function not
present during echocardiographic studies performed at rest.
In normal adolescents and adults, the shortening fraction
remains constant during 3 minutes of handgrip exercise at
25% of maximal effort (61,62). We observed a small but
significant decrease in shortening fraction in adolescents
with aottic irlsufficiency in whom shortening ftaction at rest
was normal (Fig. 7) (62). Additibrtal studies are necessary
to determine the implications of these data.
Dyharhic exercise (bicycling) produces an increase in
shortening fraction (63,64) and ejection fraction (65) in
norm~U sUbjects. Two-dimensional echocardiography during
or immediately after exercise has been used to elicit wall
motion abnormalities in adults with coronary heart disease
(66).
Exercise studies have several limitatibns. First, the sub-
jects must be old enough to cooperate. Second, increased
respiratory efforts increase the difficulty of obtaining sat-
isfactory images. Finally, exercise induces such a complex
set of hemodynamic changes that interpretation of the results
is difficult.
There have been virtually no stiIdies of the specificity of
echocardiographic studies in detecting abnornialities of car-
diac function. The greatest potential error in interpretation
of either M-mode or two-dimensional echocardiographic
results is to mistake a measuremeht error for a true hemo-
dynamic chlinge. This is especially a problem in measuring
the diameters Or volumes of small structures. For example,
if the end-dia~tollc and the end-systoiic dimensions of the
left ventricle of a neonate are 15 and 10 mm, respectively,
the calCulated shortening fraction is 33%, well within the
normal range of 28 to 44%. However, if the end-systolic
dimension is erroneously measured as II instead of 10 mm,
the shortening fraction is 27%, which is below the normal
range. Sitnilar problems exist in estimating the volumes of
small cardiac chambers by two-dimensional echocardiog-
raphy and measuring the very short systolic time intervals
in infants with rapid heart rates.
Cost
Echocardiography is among the least expensive tech-
niques for assessing cardiac function. M-mode echocardio-
graphic equipment currently costs $15,000 to $25,000. Two-
dimertsional imaging systems range from as low as $25,000
for small portable units to more than $100,000 for complete
systems capable of performing two-dimensional, M-mode
and Doppler studies. Patient costs generally range from $75
to $125 for M-mode studies and $100 to $200 for two-
dimensional echocardiography.
Prospects for the Future
Improvements in our ability to evaluate cardiovascular
function are likely to occur in two areas. I) Improvements
in image quality through better transducer design and signal
processing, which should lead to improved resolution. This
will facilitate detection of small changes in cardiac chamber
size and function, especially in small infants. 2) Computer
analysis of two-dimensional images instead of manual anal-
ysis of two-dimensional echocardiograms, which is tedious
and time-consuming. Computer methodology is currently
used for image analysis in the space program, axial tomog-
raphy and, more recently, nuclear magnetic resonance im-
aging. Application of these techniques to analysis of two-
dimensional echocardiography should allow rapid volume
estimation by automatic edge detection and three-dimen-
sional reconstruction.
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